Background: Diagnosing coeliac disease (CD) in patients on a gluten-free diet (GFD) is difficult. Ingesting gluten elevates circulating interleukin (IL)-2, IL-8 and IL-10 in CD patients on a GFD. Objective: We tested whether cytokine release after gluten ingestion differentiates patients with CD from those with selfreported gluten sensitivity (SR-GS). Methods: Australian patients with CD (n ¼ 26) and SR-GS (n ¼ 18) on a GFD consumed bread (estimated gluten 6 g). Serum at baseline and at 3 and 4 h was tested for IL-2, IL-8 and IL-10. Separately, Norwegian SR-GS patients (n ¼ 49) had plasma cytokine assessment at baseline and at 2, 4 and 6 h after food bars containing gluten (5.7 g), fructan or placebo in a previous double-blind crossover study. Results: Gluten significantly elevated serum IL-2, IL-8 and IL-10 at 3 and 4 h in patients with CD but not SR-GS. The highest median fold-change from baseline at 4 h was for IL-2 (8.06, IQR: 1.52-24.0; P < 0.0001, Wilcoxon test). The two SR-GS cohorts included only one (1.5%) confirmed IL-2 responder, and cytokine responses to fructan and placebo were no different to gluten. Overall, cytokine release after gluten was present in 22 (85%) CD participants, but 2 of the 4 non-responders remained clinically well after 1 y on an unrestricted diet. Hence, cytokine release occurred in 22 (92%) of 24 'verified' CD participants.
Introduction
The gluten-free diet (GFD) imposes a high treatment burden and may be unnecessary for people with selfreported 'gluten sensitivity' (SR-GS) and for those diagnosed with coeliac disease (CD) on the basis of equivocal findings. 1, 2 Current diagnosis of CD based on duodenal histology and serology is only reliable when patients are consuming gluten, and for people who have adopted a GFD, a period of at least several weeks of dietary gluten reintroduction is recommended for accurate testing. 3, 4 As gluten challenge can induce unpleasant symptoms, often rapid in onset and severe, it is poorly tolerated and unacceptable for many patients. 5, 6 A simple, less intrusive test is needed for the substantial number of people on a GFD seeking a diagnosis of CD.
It is widely accepted that an acquired, adaptive immune response to gluten underlies CD, but many reports have also described separate, innate immune effects of gluten in vitro that could account for rapid onset digestive symptoms in patients with CD and SR-GS. 7, 8 Recently, we observed that CD patients on a GFD elevate circulating levels of interleukin(IL)-2, IL-8 and IL-10 at 2-6 h after gluten ingestion or injecting peptides that activate gluten-specific CD4 þ T cells. 9 We speculated that increases in blood levels of cytokines, for example IL-2, arising from activation of gluten-specific CD4 þ T cells is specific for CD and absent in those without. Further, since IL-8 release has been utilised as a marker of innate immune activation by gluten in vitro, [10] [11] [12] we hypothesised that IL-8 elevations may also be present in SR-GS patients on a GFD. The aim of this study was to measure early elevations of IL-2, IL-8 and IL-10 after gluten challenge to determine the clinical utility of this approach to distinguish patients on a GFD with CD from those with SR-GS.
Materials and methods Participants
The Melbourne CD cohort consisted of patients diagnosed on the basis of small bowel villous atrophy with supportive clinical and/or laboratory findings, 13 and who had human leukocyte antigen (HLA)-DQ genotypes consistent with CD (HLA-DQ2.5, DQ8 or DQ2.2). 14 The SR-GS cohort consisted of subjects who self-reported a sensitivity to gluten and had CD excluded by genetics (absence of HLA-DQ2.5, DQ8 or DQ2.2) or by normal duodenal histology and/or CDspecific serology while consuming gluten. Participants were recruited via advertisements to members of Coeliac Australia and attendees at Gluten Free Expos in Melbourne, Australia. Participants were excluded if they used immunomodulatory medication or had a wheat allergy. Screening included HLA-DQA and HLA-DQB genotyping (Gen-Probe Inc., San Diego, USA; performed by Melbourne Pathology, Victoria, Australia) and assessment of serum transglutaminase 2 (TG2)-specific immunoglobulin (Ig)A and deamidated gliadin peptide (DGP)-specific IgG (QUANTA Lite R h-tTG IgA and QUANTA Lite Gliadin IgG II, Inova Diagnostics, San Diego, USA; performed by Dorevitch Pathology, Victoria, Australia).
The Oslo participants consisted of those from the study reported in detail by Skodje et al. that had stored plasma from the first day of week-long food challenges with food bars containing gluten or fructan and with a matched placebo. 15 Participants were aged 18-80 y and had self-instituted and strictly adhered to a GFD for at least 6 mo for SR-GS. CD was excluded in participants by genetic testing or normal duodenal histology while a gluten-containing diet was consumed. Wheat allergy was excluded by negative wheat-specific IgE.
Food challenges
In Melbourne, the unmasked challenge consisted of two and a third slices (89 g) of bread (white block loaf, Baker's Delight, Australia) over 10 min, estimated to contain 6 g gluten according to the Osborne calculation (wheat flour protein content multiplied by 0.8). 16 In Oslo, the challenge vehicle was a 50 g muesli bar that was gluten-free and low in fermentable oligosaccharides, disaccharides, monosaccharides and polyols (FODMAPs) (placebo bar). The fructan muesli bar included 2.1 g short-chain fructans/fructo-oligosaccharides (Orafti; Oligofructose, Beneo, Belgium) and the gluten muesli bar contained 7.6 g vital wheat gluten (Manildra, Gladesville, Australia), providing 5.7 g gluten protein. The fructan and gluten bars could not be distinguished from the placebo bar.
Symptom assessments
In Melbourne, participants recorded symptoms according to each of 11 items for the Celiac Disease Patient-Reported Outcome (CeD PRO) measure. 17 Symptoms have previously been reported in the Oslo study. 15 Cytokine assessment IL-2, IL-8 and IL-10 were assessed in sera from 30 min before and at 3 and 4 h after gluten challenge in Melbourne, and in plasma from before and at 2, 4 and 6 h after ingesting the test agent on the first day of each of the three food challenges in Oslo. Electrochemiluminescence assays were performed at ImmusanT, Inc., according to the manufacturer's instructions (V-PLEX Proinflammatory Panel 1, Meso Scale Discovery, Rockville, USA) using a MESO Sector S600 instrument plate reader (Meso Scale Discovery). Data were analysed on Discovery Workbench 4.0 (Meso Scale Discovery) and presented as the average of triplicates. Calculated values below the lower level of quantitation (LLOQ) were reported as equal to the LLOQ. As a confirmatory test, all samples from the Oslo study from baseline and 4 h after gluten challenge were reassessed by ultrasensitive Simoa Human IL-2 immunoassay (supplied and performed by Quanterix Corporation, Lexington, USA). Sera from baseline and 3 h after gluten challenge from selected participants in the Melbourne study were also reassessed by ultrasensitive IL-2 assays: Simoa immunoassay, and S-PLEX electrochemiluminescence assay (supplied and performed by Meso Scale Discovery). Sera reassessed in the Melbourne study included those from CD non-responders for V-PLEX IL-2, IL-8 and IL-10 assays, and the one participant in the SR-GS cohort who was a responder in the V-PLEX IL-2 assay. Laboratory staff were unaware of the participants' diagnosis and food challenge status.
Statistical analysis
GraphPad Prism version 7.0d and Mathworks MATLAB version 9.4.0 were used to analyse data. Two-tailed, non-parametric tests were used (Wilcoxon test for paired, Mann-Whitney test for unpaired quantitative data). False discovery rate-adjusted P-values were estimated using the Benjamini-Hochberg method to correct for multiple comparisons. Cytokine assessments used for responder analysis were baseline, 3 and 4 h (Melbourne study), and 2, 4 and 6 h (Oslo). A participant in the Melbourne study was considered a cytokine responder if their level at 3 or 4 h after gluten challenge was >3 SD above the mean fold-change from baseline in the SR-GS cohort. A participant in the Oslo study was considered a cytokine responder if their level at 2, 4 or 6 h after food challenge was >3 SD above the mean foldchange from baseline for placebo challenge. Responder rates were compared by Fisher's exact test. No formal power calculations were undertaken.
Results

Clinical and cytokine response to gluten bread challenge in CD and SR-GS
The Melbourne study enrolled 26 CD and 18 SR-GS participants who were similar in age and duration on a GFD (Table 1 ). Compared to the CD cohort, the SR-GS cohort had a significantly higher baseline average overall symptom score ( Figure 1 ). For the day of gluten challenge compared to the previous day, the CD cohort showed significant worsening in average overall symptom score ( Figure 1 ). Two CD patients experienced vomiting. For the SR-GS cohort, one participant experienced vomiting, but CeD PRO symptom scores were not significantly different on the day of gluten challenge compared to the previous day ( Figure 1 ).
Eating gluten-containing bread significantly elevated serum concentrations of IL-2, IL-8 and IL-10 at 3 and 4 h in the CD but not in the SR-GS cohort ( Figure 2 , Table 2 ). In the CD cohort, median fold-change at 4 h relative to baseline was 8.06 for IL-2 (IQR: 1.52-24.0; P ¼ 7.0 Â 10 À6 , baseline versus 4 h by Wilcoxon test). Serum IL-2 at 4 h was nominally higher than at 3 h in the CD cohort but the difference did not reach statistical significance. Individual CD patient responses varied widely, so a responder analysis was performed ( Table 2 ). Among the 26 CD participants, there were 19 (73%) IL-2 responders in the V-PLEX assay compared to only one (5%) IL-2 responder in the SR-GS cohort (P ¼ 8.2 Â 10 À6 , Fisher's exact test). Notably, all CD patients seropositive for TG2-IgA and/or DGP-IgG, including two participants who had commenced a GFD between 4 and 6 wk earlier, were IL-2 responders. In the SR-GS cohort, median fold-change from baseline at 3 h and 4 h for IL-2, IL-8 and IL-10 was between 0.94 and 1.0 ( Table 2) .
Bread challenge also elevated serum IL-8 (1.63 foldchange, IQR: 1.09-2.93; P ¼ 7.0 Â 10 À5 ) and IL-10 (1.15 fold-change, IQR: 0.96-3.25; P ¼ 3.2 Â 10 À3 ) compared to baseline in the CD but not in the SR-GS cohort ( Figure 2 ). Responder analysis showed that the CD cohort comprised 14 (54%) responders to IL-8 and 12 (46%) responders to IL-10 compared to none in the SR-GS cohort for IL-8 (P ¼ 0.0001) and none for IL-10 (P ¼ 0.0005) ( Table 2) . Altogether, there were 6 (23%) of 26 CD participants who were non-responders for IL-2, IL-8 or IL-10 after gluten challenge (one responded to IL-8 and IL-10, but not IL-2), and 1 (6%) of 18 SR-GS participants who was a responder (IL-2 only) according to the V-PLEX assays.
Sera from blood at baseline and 3 h from the CD non-responders and SR-GS responder were reevaluated with other CD and SR-GS samples by two separate ultrasensitive IL-2 assays and responder analyses performed (Table 3 ). Accordingly, two CD patients were reclassified as IL-2 responders, but four CD patients remained non-responders, and one SR-GS participant remained a 'responder'. The four CD nonresponder patients underwent clinical re-evaluation. The sole responder in the SR-GS cohort declined to be formally reassessed by extended gluten challenge. This individual was the only member of the SR-GS cohort who vomited after gluten challenge and her genotype (HLA-DQ7 and DQ9.2) has been implicated in rare cases of CD. 14, 18 Clinical follow-up in CD non-responders after gluten challenge
The four CD patients who remained cytokine nonresponders after ultrasensitive IL-2 assessments resumed a diet containing at least 6 g gluten daily. After 6-9 wk, TG2-IgA and DGP-IgG serology were assessed and a gastroscopy with duodenal biopsy collection performed. In two CD patients, there was unequivocal serological and histological evidence of relapse after 6 wk in one, and after 9 wk in the other ( Table 4 ). The remaining two patients, who had previously maintained a GFD for 4.5 or 30 y, have continued unrestricted diets for 12 mo and remain in serological, histological and clinical remission, suggesting they do not have CD. Notably, these two patients had been diagnosed on the basis of duodenal histology without supportive serology. If these two who were assessed not to have CD are excluded from the total CD cohort, cytokine release occurred in 22 (92%) of 24 'verified' CD participants.
Plasma cytokines after gluten, fructan and placebo food challenges in SR-GS patients
Characteristics of the SR-GS cohort from Oslo are shown in Table 1 . After eating gluten, fructan or placebo muesli bars, the SR-GS cohort showed no significant elevations from baseline in plasma concentrations of IL-2, IL-8 or IL-10 at 2, 4 or 6 h ( Table 5 ). There were two (4%) responders for IL-8 and one (2%) responder for IL-10 V-PLEX assays. a Cutoffs for responder analyses were 2.0 for IL-2, 1.5 for IL-8, and 1.5 for IL-10 for peak fold-change at 3 h or 4 h. CD: coeliac disease; Conc.: concentration; SR-GS: self-reported gluten sensitivity. Table 3 . Ultrasensitive assays of serum IL-2 after gluten challenge in the Melbourne study. after gluten, which was similar to the response rates after fructan challenge (1 for IL-8) and after placebo challenge (2 for IL-2 and 1 for IL-10) ( Table 5 ).
Discussion
Contemporary definitions of CD stress the chronic effects of gluten on the small intestine, and that diagnosis can only be confirmed with biopsies of the duodenum. 3, 4 Once diagnosed, CD is considered a condition that requires a lifelong GFD. Irrespective of gluten intake, or the status of duodenal histology or TG2-IgA serology, the immunological 'recall' response to gluten that defines CD persists. Relapse of CD in patients on a GFD appears to be dependent on reactivation of long-lived memory CD4 þ T cells specific for gluten present in the small intestinal mucosa and circulating in blood. 19 This study indicates that elevations of IL-2, IL-8 and IL-10 after a one-off gluten challenge distinguish between individuals on a GFD with CD and SR-GS. These findings suggest this approach could have clinical utility in identifying patients on a GFD with CD who have not previously been medically evaluated or in reassessing CD patients on a GFD who may have been misdiagnosed. This application was highlighted by finding two patients who had been diagnosed with CD and had maintained a GFD for many years who did not elevate serum IL-2 after gluten challenge and subsequently tolerated an unrestricted diet without relapse.
SR-GS patients had adopted a GFD because they attributed symptoms to eating gluten-containing food. In the Melbourne study, SR-GS patients had elevated digestive symptoms at baseline and after bread challenge. For the SR-GS patients enrolled in the Oslo study, worsening of digestive symptoms was clearly demonstrated during a 3-d wheat bread challenge done as clinical workup of these patients. 20 Prior to this open challenge, symptom load was low. Thus, they were diagnosed with 'non-coeliac wheat sensitivity'. The current study demonstrates that although IL-8 has been utilised as an in vitro marker of innate immune activation by gluten, [10] [11] [12] no alterations in plasma IL-8 after gluten challenge were evident in individuals with SR-GS. These observations provide direct evidence that rapid immune activation after gluten exposure occurs in CD patients; while postulated to also occur in SR-GS, no gluten-induced responses are detectable in the blood of SR-GS patients on a GFD. 7 An alternative explanation for symptoms in SR-GS patients is likely, such as FODMAP-associated irritable bowel syndrome. 21 Pest resistance proteins termed aamylase/trypsin inhibitors (ATIs) in wheat are reported to trigger innate immune activation in vitro; 11 however, controlled in vivo data is needed to determine their significance in human health. As ATIs co-purify with gluten, clear separation of gluten and ATI content is not readily achieved. Thus, a vehicle for gluten food challenge studies that can deliver gluten devoid of potential FODMAP and ATI effects is desirable 22 but not yet available to directly define the clinical role of ATIs. In contrast, systemic administration of synthetic gluten peptides that activate CD4 þ T cells has clearly defined their immunological effects and potential to cause digestive symptoms similar to those following gluten ingestion in CD patients. 9, 23 After patients eliminate dietary gluten the evaluation of CD becomes a diagnostic challenge as CD-specific serologic and histologic abnormalities resolve. Genetic testing showing HLA-DQ2.5, DQ8 and DQ2.2 are absent is the only test that can immediately rule out CD; 24 but for most patients requiring diagnostic workup the only option is to reintroduce gluten for at least several weeks with the aim of reactivating glutenspecific immunity and inducing diagnostic changes in serology and histology. 3, 4 However, as the symptomatic, serologic and histologic response to gluten is highly heterogeneous the optimal duration and dose of gluten required to consistently induce diagnostic changes remains unresolved. 6, [25] [26] [27] The gluten challenge is often poorly tolerated because of intolerable symptoms occurring within hours or days of gluten reintroduction. 5, 6 In contrast, one-off gluten exposure is straightforward, and serum cytokine measurement provides an objective assessment that could be provided by most clinical pathology services. Among the three cytokines assessed, IL-2 was the most sensitive marker for CD. Assay optimisation and a more potent gluten challenge may further increase diagnostic sensitivity utilising IL-2 alone.
In future studies, eligibility criteria for the 'truepositive' CD and 'true-negative' cohorts should be carefully considered to avoid underestimating diagnostic performance by including patients who may be misdiagnosed with CD or in whom CD is excluded based on genetic testing. In the present study, requiring a diagnosis of CD supported by typical histology as well as explicitly requiring elevated TG2 serology would have excluded both cytokine 'non-responders' in the CD cohort. Similarly, including HLA-DQ7 or DQ9.2, which have occasionally been associated with CD, 18, 28 among the genotypes conferring susceptibility to CD would have excluded the one SR-GS responder.
Larger studies with a potent, standardised gluten challenge format in patients who are 'true-positive' with an unequivocal diagnosis of CD and others who are 'true-negative' are required to establish diagnostic performance characteristics of this approach. However, based on IL-2 release in previous studies with systemic administration of gluten peptides that activate glutenspecific CD4 þ T cells and also placebo-controlled gluten feeding studies, the sensitivity of IL-2 release after gluten challenge is likely to be over 90% in 'true-positive' CD patients on a GFD. 9 Whether or how long a patient is required to be adherent with a GFD before gluten causes detectable IL-2 elevations in blood needs to be clarified. In the present study CD patients on a GFD for as little as 5 wk were IL-2 responders after challenge. Studies should also address if IL-2 assessment with gluten challenge might be a definitive test for CD when compared to histology. Duodenal histology assessment has been found to yield false positives in over 10% of community-diagnosed CD cases. 29 Collectively, our findings raise the possibility that gluten challenge with IL-2 assessment could be used to address misdiagnosed CD, which may be particularly common among 'biopsy-confirmed' cases lacking supportive serology or in cases diagnosed with serology alone. 24, 30 Identifying people on a GFD without CD who do not need lifetime gluten exclusion has important clinical significance. A strict GFD is costly, socially restrictive, often higher in refined starch and fat and lower in Table 5 . Plasma cytokine concentrations and fold-changes (median and IQR), and responder rates for cytokines after gluten challenge in the Oslo study with SR-GS participants.
Baseline
Peak Cutoffs for responder analyses were 3.6 fold-change for IL-2, 1.7 for IL-8 and 1.6 for IL-10 in V-PLEX assays, and 3.6 for IL-2 Simoa assay (mean þ 3 Â SD).
whole grain content, 31 and associated with increased coronary heart disease and metabolic syndrome. [32] [33] [34] Our finding that gluten challenge does not elicit IL-8 release in patients with SR-GS adds further weight to the evidence that immune activation by gluten or related cereal proteins is not the explanation for early symptoms, and that gluten avoidance cannot be justified on these grounds. Indeed, the SR-GS patients we studied on a GFD described troubling digestive symptoms before gluten challenge, and neither the Australian nor Norwegian SR-GS cohorts showed symptomatic deterioration after gluten. 15 This would be consistent with data showing that symptomatic deterioration in SR-GS can be attributed to dietary FODMAPs often present in gluten-containing cereals as opposed to gluten itself. 15, 35 A simple approach to identify the people following a GFD with CD who will medically benefit from a long-term GFD is an unmet need. Our findings suggest that measuring serum IL-2 before and after gluten challenge could address this requirement. Cytokine assessment shortly after acute gluten food challenge reveals that rapid immune activation is specific for patients on a GFD who have CD, and that comparable effects of gluten ingestion cannot be detected in patients with SR-GS.
